INTRODUCTION
Influenza A viruses have been isolated from many species, including humans, pigs, horses, mink, felids, marine mammals and a wide range of wild birds, but waterfowl and shorebirds are thought to be the principal virus reservoirs in nature (Olsen et al., 2006) . Domestic ducks (Pekin ducks) that come into contact with wild waterfowl and other poultry species can act as key intermediaries in the transmission of avian influenza (AI) among birds (Löndt et al., 2008) . They may also serve as a valuable model for AI infection and spread in wild ducks because of their close genetic relationship with mallard ducks (Anas platyrhynchos) (Li et al., 2004) . Quails are known to be an important intermediate host in the spread of avian influenza viruses (AIVs) from wild waterfowl to terrestrial poultry; the H5N1 influenza viruses isolated from humans and poultry in Hong Kong in 1997 possessed internal genes genetically related to those of the quail influenza virus, quail/Hong Kong/G1/97 (H9N2) (Chin et al., 2002; Guan et al., 2002; Globig et al., 2009) . The mouse is a widely used mammalian model for influenza infection and has been studied extensively in relation to the virulence and pathogenesis of human viruses and AIVs (Fislová et al., 2009; Lu et al., 1999; Tumpey et al., 2007; Ward, 1997) .
The H4 AIV subtype is one of the most prevalent haemagglutinin (HA) subtypes in wild birds in America and Eurasia Okazaki et al., 2000; Olsen et al., 2006) and has a wide host range, including chickens, turkeys, shorebirds and psittacine birds (Matsuoka et al., 1979) , as well as seals (Hinshaw et al., 1984) and pigs (Karasin et al., 2000) . Although the pathogenic potential of H4 AIVs in experimentally infected chickens is relatively low (Zhang et al., 2012) , viruses of this subtype are prevalent in wild birds and may infect domestic poultry directly, while also serving as a source of genes for reassortment (Alexander, 2007; Jackwood & Stallknecht, 2007; Okazaki et al., 2000) . Up to 69 % of farm chickens (Johnson & Maxfield, 1976) , and in China, chickens infected experimentally with H4N6 died (Liu et al., 2003) . In addition, H4N6 influenza viruses, suggested by phylogenetic analysis to be derived from AIVs in the American lineage, were isolated from pigs with pneumonia on a commercial swine farm in Canada in 1999 (Karasin et al., 2000) .
In this study, we have reported the frequent isolation of H4 AIVs (54 isolates) from domestic ducks and wild birds in Korea between 2004 and 2010 and present their genetic and antigenic characteristics. In addition, we demonstrated the pathogenic potential of these AIVs using animal experiments performed in quails and domestic ducks (model intermediate hosts) and in mice (mammalian models).
RESULTS

Virus isolation
All viruses were isolated by the Animal, Plant and Fisheries Quarantine and Inspection Agency of Korea between January 2004 and October 2010 as part of an active surveillance programme. From a total of 30 881 samples, 310 influenza viruses were isolated, a prevalence of 1.0 %. The viruses were classified into the following HA subtypes: H6 (23.9 %), H4 (17.4 %), H1 (13.6 %), H5 (11.0 %), H2 (7.7 %), H7 (5.5 %), H9 (4.8 %), H3 (4.5 %), H10 (4.5 %), H11 (3.6), H8 (1.6 %), H12 (1.0 %), H13 (0.3 %), with the remainder unidentified (0.6 %). Of the 54 H4 AIVs, two were isolated from cloacal swabs from domestic ducks and 52 from faecal samples from wild birds. The H4 AIVs could be classified further into three neuraminidase (NA) subtypes: H4N6 (94.4 %), H4N2 (3.7 %) and H4N3 (1.9 %) (Table S1 , available in JGV Online).
Molecular characterization
Most H4 AIVs in this study had the amino acid sequence PEKASRGLF at the HA cleavage region, but environment/ Kr/YJ117/07, Wd/Kr/SH20-29/08 and Wd/Kr/CSM27-15/ 09 had PEKATRGLF, PERASRGLF and PEKASKGLF, respectively. All H4 AIVs had Q and G, at positions 224 and 226, respectively, of the HA1. None of the H4 AIVs had deletions in their NA stalk regions or E92 substitutions in the non-structural protein 1 (NS1). All retained an E at position 627 of the polymerase basic protein 2 (PB2). In the matrix protein 2 (M2), four viruses (environment/Kr/ ESD05/05, Wd/Kr/CSM4-15, Wd/Kr/CSM4-36/09 and Wd/Kr/CSM4-6/09) had a V27I substitution, known as the amantadine resistance marker.
Genotypes and phylogenetic analyses
The genetic diversity of the H4 AIVs was characterized based on phylogenetic analysis of eight genes. The H4 AIVs could be divided into at least nine different genotypes. Most genotypes (C-I) belonged to the Eurasian lineage, whereas two viruses of wild-bird origin (environment/Kr/ YJ117/07 and environment/Kr/GD42/05 with genotypes A and B, respectively) had two or more American-lineage genes. From 2004 to 2009, genotypes D, F and G were consistently identified as the predominant genotypes of H4 AIVs in wild birds in Korea (Fig. 1) . Two viruses of duck origin (Dk/Kr/ DY104/07 and Dk/Kr/DY97/07) were designated genotype C and D, respectively, with wild bird-origin viruses.
Phylogenetic analysis of the 11 H4 genes isolated from Korean poultry and wild birds identified two major distinct lineages. Most of the isolates belonged to the Eurasian lineage, whereas one wild-bird virus (environment/Kr/ YJ117/07) clustered in the American lineage with other American viruses. There was considerable genetic diversity within the Eurasian lineage, with two sublineages showing 85.9-87.2 % similarity (Fig. 2) . For the NA gene, one of the N6 viruses (environment/Kr/GD42/05) clustered in the American lineage, whilst other viruses belonging to the Eurasian lineage clustered together with other viruses isolated in Eurasia (Fig. 3) . Likewise, the PB1 and PA genes showed similar clustering with N6 genes (Fig. S1b, c) . The PB2 gene clustered in the Eurasian lineage with two sublineages showing 88.0-89.0 % similarity (Fig. S1a) . Some genes of PB2 and PA had close relationships with H5N1 viruses circulating recently in Korea (Fig. S1a, c) . By contrast, the NP and M genes did not have high genetic diversity. Both these genes clustered in the Eurasian lineage together with other viruses isolated in Eurasia, and shared 92.1-98.5 and 95.6-96.5 % similarity at the nucleotide level, respectively (Fig. S1d, e) . The NS genes belonged mostly to two major sublineages, with five viruses clustering with allele B and the remainder clustering with allele A (Fig. S1f) .
Replication of H4 AIVs in quails, domestic ducks and mice
To assess the pathogenicity of selected H4 AIVs in quails, domestic ducks and mice, six different viruses were inoculated intranasally at 10 6.5 50 % egg infectious doses (EID 50 ) into 5-week-old Japanese quails, 2-week-old domestic ducks and 6-week-old BALB/c mice.
None of the H4 AIVs tested induced clinical signs in inoculated quails or domestic ducks. In quails, virus replication was much higher in the oropharyngeal (OP) than in the cloacal (CL) swabs for all six viruses, and the AIVs were recovered up to 5-7 days post-inoculation (p.i.) in OP swabs (Table 1 ). In particular, one AIV of duck origin (Dk/Kr/DY97/07) was recovered at relatively high titres in both OP and CL swabs up to 7 and 10 days p.i., respectively. In tissue samples, five of the six AIVs were found to have replicated in the trachea or caecal tonsil in quails ( Table 2) . Most of the quails showed seroconversion to AIV at 17 days p.i. (Table 1) .
Although five of six AIVs were recovered in OP swabs, they replicated poorly to low titres in domestic ducks. In addition, most of the AIVs were rarely detected in CL swabs up to 10 days p.i. Likewise, no AIVs were recovered in any of the tissue samples tested. However, seroconversion was shown in four groups of AIVs in infected domestic ducks (Tables 1 and 2 ).
In mice, all of the AIVs were recovered to relatively high titres from the lungs up to 7 days p.i. (Table 3) . None induced clinical signs and they were not lethal in experimentally infected mice. However, there was loss of body weight in mice infected with two AIVs of domestic duck origin (Dk/Kr/DY104/07 and Dk/Kr/DY97/07) at 2-4 days p.i. (P,0.01) and 2-3 days p.i. (P,0.05), respectively, compared with mice in the control group (Fig. 4) .
Antigenic analysis
A haemagglutination inhibition (HI) assay was performed to investigate the antigenic diversity of H4 AIVs. Six viruses, representing a range of genotypes, were selected and antisera against them were produced in specific-pathogen-free chickens. As indicated in Table 4 , the antisera against these six AIVs cross-reacted well together (r50.25-1.0), providing evidence of the antigenic similarity of the Korean H4 AIVs.
DISCUSSION
Although the H4 AIV is one of the most common viruses isolated from wild birds, the detailed genetic and pathogenic characteristics of H4 AIV isolates are rarely reported. Here, we have reported the genetic, antigenic and pathogenic characteristics of H4 AIVs isolated from domestic ducks and wild birds in Korea using genetic analyses and animal experiments. We isolated 54 H4 subtypes over the duration of a nationwide surveillance programme between 2004 and 2010. The major subtype of the H4 AIVs was H4N6 (94.4 %) in wild birds, similar to previous surveys of low-pathogenic AIVs in Alaskan and Korean wild waterfowl (Ito et al., 1995; Kang et al., 2010; Koehler et al., 2008; Ramey et al., 2010; Runstadler et al., 2007) . Two of the viruses isolated in the current study were extracted from domestic ducks in 2007 and the others were taken from migratory birds at different points over the duration of the surveillance programme. The amino acid sequences deduced from the genes of H4 AIV isolates were aligned. Most of the H4 AIVs had the sequence PEKASRGLF at the HA cleavage site, whereas some of the viruses had different motifs at the HA cleavage site, which indicates low-pathogenic characteristics of influenza A virus. The receptor-binding sites, especially Q224 and G226, were similar in all the H4 AIVs examined in the current study, suggesting that these viruses would preferentially bind to 2,3-linked sialic acid receptors predominant in avian species (Bateman et al., 2008) . By contrast, Karasin et al. (2000) reported that one H4N6 virus from swine (swine/Ontario/01911-1/99) contained amino acid changes at positions 224 and 226, indicating a high affinity of the virus to receptors comprising sialic acid linked to galactose by an a-2,6 linkage, which are predominant in mammalian species. No viruses in this study had an E92 substitution in the NS1 protein, which is associated with the induction of severe pathology in Fig. 2 . Phylogenetic tree of the H4 HA gene. Nucleotide sequences were analysed using CLUSTAL_X (version 1.83) and phylogenetic trees were constructed by the neighbour-joining method. The robustness of groupings was assessed by bootstrap resampling of 1000 replicate trees. The Korean H4 viruses isolated in our study are denoted in bold. Bar, 0.1 nucleotide substitutions per site.
mammals (Seo et al., 2002) . In addition, none had a deletion in their NA stalk regions, a trait typical of an adaptation of viruses to terrestrial poultry (Matrosovich et al., 1999) . All of the H4 viruses studied retained an E at position 627 of the PB2 protein; a K at this position is known to allow enhanced replication in mammalian cells (Hatta et al., 2001; Shinya et al., 2004) . Interestingly, some viruses had a V27I substitution in the M2 protein, known as the amantadine resistance marker. The frequency of the potentially amantadine-resistant H4 AIVs was 7.4 % (4/54), consistent with previous reports of Korean H6 and H3 viruses having relatively high frequencies of V27I mutations of the M2 protein (Choi et al., 2012; Kim et al., 2010) . Further study is required to identify the factors that select for this mutation and to elucidate the possible implications for virus pathogenicity and/or drug resistance.
Phylogenetic analysis revealed that the H4 AIVs circulating in Korea have various genetic constellations, with at least nine genotypes (Fig. 1) . Two AIVs of domestic duck origin, Dk/Kr/DY104/07 and Dk/Kr/DY97/07, were designated genotypes C and D, respectively, with wild-bird-origin viruses. This result suggests that H4 viruses usually carried by wild birds were transmitted directly to domestic poultry. In addition, the genotypes D, F and G were consistently identified as the predominant genotypes in the H4 AIVs of wild birds, suggesting that these H4 subtype viruses are genetically stable within Korean wild birds. Most of the genotypes (C-I) belonged to the Eurasian lineage, whereas two of the viruses of wild-bird origin (environment/Kr/ YJ117/07 and environment/Kr/GD42/05) had two or more American-lineage genes (HA, NA, PA and PB1). This finding indicates that intercontinental transmission has occurred through the limited overlap in American and Eurasian bird migratory flyways.
As shown in Table 1 , all six of the H4 AIVs tested replicated efficiently in quails. The viruses replicated predominantly until 5-7 days p.i. in the upper respiratory tract. Although five of the six viruses were recovered in OP swabs in domestic ducks, these viruses replicated poorly to low titres, and viruses were rarely detected in CL swabs up to 10 days p.i. This result is consistent with earlier findings that quails play an important role in the evolution of AIVs by acting as intermediate hosts in which AIVs can be amplified and transmitted to other animal species . Unlike quails, although domestic ducks are poultry, they may serve as an animal model similar to the natural reservoir of influenza viruses found in wild birds, which do not act as amplifying hosts, and replicate to low titre with no signs of disease. In mice, all six H4 AIVs also replicated efficiently to relatively high titres in the lung without prior adaptation. These findings demonstrate the potential for AIVs of wild-bird and domestic duck origin to infect mice directly without prior adaptation.
In the past, influenza viruses in aquatic birds were found to replicate preferentially in the gastrointestinal tract, usually without producing clinical signs, and to be transmitted mainly via the faecal-oral route (Hinshaw et al., 1980; Webster et al., 1978) . However, in this study, the titres of H4 AIVs in OP swabs were higher than those in CL swabs for both quails and domestic ducks, which is consistent with a previous report that H4 AIVs were detected for up to 3-5 days p.i. in OP swabs with no detection in CL swabs (Makarova et al., 2003) . Our findings indicate that H4 AIVs can cause high levels of upper-respiratory-tract virus shedding, which is interesting given the fact that the highly pathogenic H5N1 viruses emerging since late 2002 have had a particularly high level of tracheal virus shedding (Sturm-Ramirez et al., 2005) . Costa et al. (2011) suggested that variation in shedding patterns (predominantly CL or OP) may be related to the origin of the virus, the route of inoculation or interspecies transmission. Further studies of additional H4 isolates are essential to understand the shedding patterns of these viruses and the biological and epidemiological significance of respiratory transmission routes.
In conclusion, our findings illustrate that the H4 AIVs circulating in Korea have a variety of genetic constellations. These viruses replicated to relatively high titres in quail and mice but were present at low titres in domestic ducks. Therefore, it may be possible that quails play an important role as an intermediate host in which H4 viruses can be amplified and transmitted to other animal species. Additionally, these viruses can directly infect mice without prior adaptation. Surveillance of influenza viruses needs to be enhanced in domestic poultry, as well as in wild birds, and the pathogenicity and transmission routes of these viruses should be assessed in animal models.
METHODS
Virus isolation. Faecal and swab samples were collected from domestic ducks in duck farms and from wild birds in Korea between 2004 and 2010. Each sample was suspended in an antibiotic solution Table 2 . Virus titres in tissues from quails and domestic ducks inoculated intranasally with H4 viruses
Results are shown as number of animals in which virus was detected/number of virus-inoculated animals. Animals were inoculated intranasally with 10 6.5 EID 50 virus in 0.1 ml. Tissue samples from the trachea (Tra), lung, caecal tonsil (CT), spleen (SPL) and kidney (Kid) were taken at 5 days p.i.
In positive samples where the titre was above the detection limit, the virus titre of the sample or of the pooled samples is given in parentheses as log 10 EID 50 per 0.1 ml. The sample supernatants were inoculated into the allantoic cavity of 9-11-day-old embryonated hen eggs, which were incubated at 37 uC for 4-5 days. Allantoic fluid from the incubated eggs was harvested and centrifuged for purification. Virus presence was determined by an HA assay, and the detected viruses were subtyped by RT-PCR using influenza-specific primers (Lee et al., 2001) and by an NA inhibition assay (OIE, 2009 ).
Virus
Identification of bird species. A barcoding system utilizing mitochondrial DNA of bird faeces (Hebert et al., 2004; Lee et al., 2010) was used to determine host species. Mitochondrial DNA was extracted from fresh faecal samples using a QIAamp DNA Stool Mini kit (Qiagen) according to the manufacturer's protocol. Universal and modified primers were used to amplify the gene encoding mitochondrial cytochrome oxidase gene subunit I present in host faeces . The generated PCR products were sequenced and identified using information from the Barcode of Life Data Systems website (http://www.barcodinglife.org).
Sequencing and phylogenetic analysis. Viral genes were sequenced and analysed as described previously (Hoffmann et al., 2001) . Briefly, viral RNA was extracted from the allantoic fluid of embryonated eggs using a Viral Gene-spin Viral DNA/RNA Extraction kit (iNtRON). PCR products were purified from agarose gels using a QIAquick Gel Extraction kit (Qiagen), and sequencing of the PCR product was performed with an ABI 3730 XL DNA sequencer (Applied Biosystems).
Assembly of the sequencing contigs and translation of the collated nucleotide sequences into a deduced amino acid sequence were performed using the Vector NTI Advance program (Invitrogen). The sequence data were aligned using the AlignX multiple sequence alignment in the VectorNTI Advance program (Lu & Moriyama, 2004) . A phylogenetic tree was constructed using the neighbourjoining method within CLUSTAL_X version 1.83, with 1000 bootstrap replicates. The final tree was visualized using TreeView Win32 software (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). We used the surface and internal genes of all 54 isolates for genotype and phylogenetic analyses. We then selected 11 isolates, one each of the genotypes A-I, with an additional two isolates of domestic duck origin. Other sequences were obtained from the NCBI database and used for genetic comparison.
Experimental infection of quails, domestic ducks and mice. To assess the pathogenicity of H4 AIVs in quails, domestic ducks and mice, we chose six viruses: two American-origin viruses (environment/Kr/YJ117/07 and environment/Kr/GD42/05), two viruses of duck origin (Dk/Kr/DY104/07 and Dk/Kr/DY97/07) and two viruses of wild-bird origin with the same genotypes as the viruses of duck origin (Wd/Kr/CSM4-28/10 and Wd/Kr/SH5-60/08). Five-week-old commercial Japanese quails, 2-week-old commercial Pekin ducks (Korea) and 6-week-old BALB/c mice (Orient Bio), all free from antibodies to AIV, were inoculated intranasally with the viruses at 10 6.5 EID 50 in 0.1 ml (50 ml in the case of mice). For quails and domestic ducks, virus shedding in the respiratory and gastrointestinal tracts was monitored using OP and CL swabs, respectively, taken at 1, 3, 5, 7 and 10 days p.i. To elucidate virus distribution in the infected hosts, three animals per group were removed and killed at 3 days p.i., and tissue samples (trachea, lung, caecal tonsil, spleen and kidney) were taken aseptically. For mice, more intensive sampling was carried out, with three mice per group removed and lung tissue taken at 1, 3, 5, 7, 10 and 14 days p.i., and five mice per group observed for clinical signs and measured for body weight for 14 days p.i. The samples were inoculated into 9-11-day-old embryonated chicken eggs and virus growth was assessed using an HA test with the allantoic fluids from the inoculated eggs. Serum samples from quails and domestic ducks were taken at 17 days p.i. and subjected to an HI test, using 4 haemagglutination units (HAU) of antigen and 1 % chicken erythrocytes. All animals used in this study were cared for in accordance with the guidelines of the Institutional Animal Care and Use Committee in Korea. Antigenic analyses. Antigenic analyses were performed using an HI test with chicken antisera generated against the tested viruses as described previously (OIE, 2009) . To generate the antisera, 5-weekold specific-pathogen-free chickens were injected with 0.5 ml oil emulsion-inactivated virus and sera were collected 2 weeks after injection. The HI test used 4 HAU of antigen and 1 % chicken erythrocytes, and the r value was subsequently calculated as described previously (Archetti & Horsfall, 1950) . Variation in viral shedding patterns between different wild bird species infected experimentally with low-pathogenicity avian influenza viruses that originated from wild birds. Avian Pathol 40, 119-124. Identification of birds through DNA barcodes. PLoS Biol 2, e312. 
